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larvae. Our results indicate that the dynamic pattern of sevenless protein expression is regulated transcriptionally. Promoter sequences located 5' of the coding region are insufficient for the wild-type level of gene expression but appear to be able to confer the correct pattern of expression. In contrast, enhancer sequences within the body of the gene can confer both the correct pattern and a normal level of expression on either the sevenless promoter or heterologous promoters. Thus the complex pattern of sevenless expression is redundantly encoded within proximal promoter sequences and enhancer elements internal to the gene but relies on these enhancer sequences for correct quantitative expression.
The eye ofDrosophila is well suited to an investigation of the processes of cell-cell interaction that allow the formation of a precise cellular pattern of differentiated cells. The adult Drosophila eye consists of an array of -"800 hexagonal units, or ommatidia, each of which is composed of a central core of 8 photoreceptors (R1-R8) surrounded by pigment cells and lens-secreting cone cells. Overt differentiation and arrangement of these cells into ommatidial precursors begins during late larval development in an initially unpatterned epithelial monolayer, the eye imaginal disc. This process begins at the posterior edge of the disc and progresses anteriorally over about 2 days. Cells in developing ommatidia differentiate and are recruited in a lineage-independent manner (1, 2), indicating that inductive cell-cell interactions govern the process of ommatidial development (3) . This notion is supported by the phenotype of mutants in which ommatidial development is interrupted at specific points (reviewed in refs. 4 and 5) . One of these mutants is sevenless, in which the R7 photoreceptors fail to form (4, [6] [7] [8] .
The wild-type sevenless gene has been cloned (9, 10) and its nucleotide sequence has led to the prediction that the gene encodes a cell surface receptor with tyrosine kinase activity that transmits a signal necessary to specify the R7 cell pathway (9, 11, 12) . The distribution of sevenless protein in the eye disc has been independently investigated by two groups (13, 14) . According to Tomlinson et al. (13) sevenless protein is expressed transiently in the presumptive photoreceptor cells R3, R4, and R7, in two cells of unknown developmental fate called mystery cells, and in the cells that ultimately produce the lens, the cone cells. In contrast, Banerjee et al. (14) reported that sevenless protein is expressed in all, rather than a subset of, photoreceptors and in the cone cells.
We have focused on the mechanism by which the pattern of sevenless protein expression is generated for two reasons. (i) Identification of cis-acting regulatory sequences responsible for the control of sevenless expression is an important first step in the isolation of transcription factors that interact with the sevenless gene. Since the onset of sevenless expression occurs early in ommatidial formation, the isolation of such factors will be important to defining those genes that trigger the onset of pattern formation in the developing Drosophila eye. (ii) Changes in expression of the sevenless protein occur very rapidly; substantial differences in protein expression can be observed between neighboring ommatidia that are only about 2 hr apart in the developmental sequence (13) . The sevenless protein is the only example of a tyrosine kinase receptor for which such a dynamic pattern of expression in a developing tissue has been described. It is therefore of interest to establish the mechanism by which this cellspecific pattern is generated.
To distinguish transcriptional control of protein distribution from posttranscriptional mechanisms, we have coupled the sevenless promoter to the reporter gene lacZ, which encodes 83-galactosidase. We find that f3-galactosidase expression parallels the sevenless pattern described by Tomlinson et al. (13) 
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promoter constructs. A 457-bp Xba I-Xmn I fragment from the heat shock protein 70 (hsp70) promoter, which included sequences required for heat shock inducibility (16) (17) (18) , was fused to the 4.3-kb lacZ cassette described above. The hs/genomic construct was made by fusing a 13-kb Nar I-EcoRI sevenless genomic fragment to the hsp70 promoter fragment, 65 bp 5' of the probable sevenless translation initiation codon, in exon 2 (11) . All promoter fusions were cloned into the P-element vector pDM30 (19) , which bears the selectable marker gene rosy, and germ-line transformants were obtained as described (11) .
Antibodies and Immunochemistry. The antiserum to the extracellular domain of the sevenless protein has been described (20) . The anti-p-galactosidase antibody was from Promega. Immunocytochemistry on eye imaginal discs for light and electron microscopy was essentially as described (3, 13) , including the silver/gold intensification (21) of eye discs prior to electron microscopy.
Heat Shock Treatment. Heat shocks were performed at 37TC as described previously (20) in the case of the hs/ genomic construct. A 60-min heat shock, followed by 30 min at 25TC and then a 30-min heat shock, was used for hsp70 promoter/lacZ fusions. f3-Galactosidase activity was detected 30 min after the final heat shock.
Detection of P-Galactosidase Activity. (8-Galactosidase activity was detected in larval tissues by incubation with 5-bromo-4-chloro-3-indolyl P-D-galactopyranoside (X-Gal) as described previously (22) . Following staining, eye discs were dissected from the brains and mouth parts and mounted in 90% glycerol/phosphate-buffered saline. 5 
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Sequences Within the Body of the Sevenless Gene Are Required for Expression. To investigate the mechanism by which the pattern of protein expression is generated, we made a series of constructs in which the sevenless promoter region was fused to the reporter gene, lacZ. Complete rescue of the sevenless phenotype can be achieved by P-elementmediated transformation of a 16.3-kb genomic fragment that includes only 967 bp 5' of the major transcription start site (9, 11, 12) . Our initial constructs included two transcriptional fusions, in which sequences from -967 to +89 or -3300 to +89 were fused to a lacZ expression cassette ( Fig. 1 ; the numbers refer to the DNA sequence given in ref. 11; +1 is the major transcription start site). In addition, a translational fusion was made in which sequences from -3300 to a site two codons 3' of the probable sevenless initiation codon were fused in-frame to lacZ, to test whether sevenless protein expression is regulated by the untranslated leader sequence. The majority of germ-line transformant lines carrying these constructs failed to show any ,B-galactosidase activity as detected by incubation of eye discs with X-Gal ( Fig. 1 e and f). However, 2 of 24 lines tested did show weak but reproducible staining after prolonged incubation ( Fig. 1 g and h) . These findings resembled our previous experience with a partial sevenless cDNA construct that lacked introns 2-7 (11 gene, specifically within introns 2-7, were required for expression of sevenless in eye discs. Only when constructs that lacked these sequences were integrated into a site in the genome particularly favorable for expression was the requirement for these sequences partially overcome. To test this hypothesis, two genomic fragments that together covered the entire transcribed region of the sevenless gene were each placed 5' of the -967 sevenless promoter/ lacZ construct ( Fig. 1 c and d) . Placing fragment 1, which included introns 2-7, 5' of the -967/IacZ construct resulted in very strong f8-galactosidase expression in eye discs of all lines bearing this construct (Fig. 1 c and i) . Moreover, the staining was restricted to the part of the disc where ommatidial development had commenced, consistent with the localization of sevenless mRNA and protein (9, 10, 13, 14) . In contrast, none of the lines in which sequences from the remainder of the gene (fragment 2) were placed 5' of the -967/IacZ construct showed any /3-galactosidase activity.
This confirmed the presence of sequences in the body of the sevenless gene that are required for proper expression of the sevenless promoter. These sequences are also effective when placed 3 (Fig. 3) . This analysis provides independent support for the conclusion that sevenless expression is limited to a subset of photoreceptors as described by Tomlinson et al. (13) (Fig. 4b) . Following heat shock, a composite pattern was obtained. Superimposed on the wild-type pattern was a general membrane staining on all the cells throughout the eye disc (Fig. 4c) . The pattern in actin/genomic eye discs also closely resembled the wild-type pattern except for a slightly higher level of staining anterior to the furrow, where expression is not normally detected (data not shown). These results suggested that the putative enhancer element was capable of acting on heterologous promoters to produce a wild-type pattern of sevenless expression in eye discs. To confirm this, fragment 1 was placed 5' of an hsp70 promoter/lacZ fusion gene (Fig. 4 a and  d) . Eye discs from non-heat-shocked larvae showed a pattern of 83-galactosidae expression that was indistinguishable from Figs. 2b and 4f) . Following heat shock, ubiquitous 13-galactosidase expression was detected in the eye disc (Fig.  4e ) and throughout larval tissues in general, consistent with the results obtained with the hs/genomic construct. Although the internal enhancer sequences were essential to obtaining wild-type levels of sevenless expression, we found that a minority of transgenic lines bearing constructs that lacked these sequences did show some expression. These included 1 of 13 bearing a sevenless minigene construct that lacked introns 2-7 (11) and 2 of 24 transformant lines bearing sevenless promoter/lacZ constructs, described above (Fig.  1) The sevenless gene and heterologous promoter constructs. In the hs/genomic construct the hsp7O promoter was fused to the sevenless coding region and transformed into flies bearing a null mutation in the endogenous sevenless gene (sevd2; ref. 10). In enhs/lacZ, the hsp7O promoter was fused to lacZ and this fusion gene was placed 3' of the sevenless enhancer fragment (Fig. 1) . (b and c) Eye discs from larvae carrying the hs/genomic construct, stained with anti-sevenless antibody. Under non-heat-shock conditions the pattern of expression was identical to the wild-type pattern described in ref. 13 (b x600). After heat shock there was a superposition of a general membrane staining, both anterior and posterior to the furrow (arrowhead), and the wild-type pattern (c, x700). (d-f) Eye discs of larvae bearing en-hs/lacZ. In eye discs from non-heat-shocked larvae (d, x 150), /-galactosidase activity was limited to posterior to the morphogenetic furrow (arrowhead). After a series of heat shocks, (8-galactosidase activity was detected throughout the eye disc (e, x 150). Staining of eye discs from non-heat-shocked larvae with anti-,B-galactosidase antibody (f, x600) gave the same pattern as obtained when the sevenless enhancer was used in conjunction with the sevenless promoter/lacZ cassette (Fig. 2b) . 
